Introduction
Myosin is a major contractile protein that is present in all eukaryotic cells (for reviews, see Citi and Kendrick-Jones, 1987; Sellers and Adelstein, 1987; Hartshorne, 1987; Korn and Hammer, 1988) . In vertebrate cells, conventional myosin molecules consist of a pair of heavy chains (~200xl03Mr) and two pairs of light chains (see Fig. 1 ) and are referred to as myosin II. In addition to the 480xl03Mr myosin isoforms, Acanthamoeba, Dictyostelium and the epithelial cells of vertebrate intestinal brush border contain a smaller (110xl03Mr) myosin molecule, myosin I, that preserves many of the structural and biological properties of the globular (head) domain, but lacks the tail portion (Korn and Hammer, 1988) .
The purpose of this paper is to describe what is known about the phosphorylation of myosin II heavy chains (MHCs) in vertebrate nonmuscle and smooth muscle cells. To date, most of the experiments examining vertebrate myosin phosphorylation have focused on the 2 0x l0 3Mr myosin light chain (MLC) (Citi and Kendrick-Jones, 1987; Sellers and Adelstein, 1987; Hartshorne, 1987; Korn and Journal of Cell Science, Supplement 14, 49-54 (1991) Printed in Great Britain © The Company of Biologists Limited 1991 Hammer, 1988) . Vertebrate smooth muscle and nonmuscle myosin can be phosphorylated on at least five different sites present in the 20x 10s Mr MLC. Ser-1, Ser-2 and Thr-9 (using the sequence based on the avian gizzard 20x103 Mr MLC, but also applicable to other smooth muscle and nonmuscle myosins) can be phosphorylated in vitro by protein kinase C (Bengur et al. 1987; Ikebe et al. 1987) . In intact cells, only the serine residues have been shown to be phosphorylated (Kawamoto et al. 1989; Ikebe and Reardon, 1990; Sutton and Haeberle, 1990; Kamm et al. 1989) . However, the possibility that the Thr-9 residue may first undergo phosphorylation, but then serve as a substrate for phosphatase(s), cannot be ruled out. The exact function of protein kinase C phosphorylation is uncertain in smooth muscle and nonmuscle cells. In the case of nonmuscle myosin, understanding the function of MLC phosphorylation has been complicated by the relatively recent finding that there is a single site on the MHC that can also be phosphorylated by protein kinase C in intact cells and in vitro.
In vitro studies have demonstrated that phosphorylation of the 20 x 103 Mr MLC on smooth muscle heavy meromyosin (HMM) makes the HMM a poorer substrate for myosin light chain kinase by decreasing the apparent affinity of myosin light chain kinase for HMM (Nishikawa et al. 1984) . Studies using an in vitro motility assay system have not shown any difference between the movement of beads coated with myosin phosphorylated by both protein kinase C and myosin light chain kinase and beads coated with myosin that has been phosphorylated by myosin light chain kinase alone. Vertebrate nonmuscle and smooth muscle myosin that has only been phosphorylated by protein kinase C behaves like unphosphorylated myosin and fails to support bead movement (Umemoto et al. 1989) .
Myosin light chain kinase phosphorylates Ser-19 and Thr-18 in the 2 0 x l0 3Mr MLC (reviewed by Citi and Kendrick-Jones, 1987; Sellers and Adelstein, 1987; Hart shorne, 1987) . This phosphorylation appears to play a role in the initiation of contractile activity in smooth muscle and nonmuscle cells as well as in the initiation of filament formation (Scholey et al. 1980) . Studies using an in vitro motility assay system suggest that myosin light chain kinase phosphorylation is required for the movement of myosin coated beads (Sellers et al. 1985) .
In addition to serving as a substrate for protein kinase C and myosin light chain kinase, the 2 0 x l0 3Mr MLC can also be phosphorylated by calcium/calmodulin-dependent protein kinase II. The same serine residue that undergoes phosphorylation by myosin light chain kinase is phos-c c phorylated by calcium/calmodulin-dependent protein kinase II (C. A. Kelley, unpublished observation). The significance of this phosphorylation is unclear at present.
Myosin heavy chain phosphorylation
Although the importance of myosin heavy chain phos phorylation in Acanthamoeba and Dictyostelium has been appreciated for a number of years (Korn and Hammer, 1988; Warwick and Spudich, 1987) , the phosphorylation of vertebrate nonmuscle and smooth muscle myosin heavy chains has not been studied as intensively. A calcium/ calmodulin-dependent kinase has been shown to catalyze phosphorylation of chicken intestinal epithelial cell myosin II (Rieker et al. 1987) as well as the heavy chain of brain myosin (Tanaka et al. 1986 ). Casein kinase II has also been shown to catalyze the phosphorylation of brain MHCs, and the serine residue phosphorylated by casein kinase II has been identified and shown to be close to the carboxyl-terminal end of the molecule (Murakami et al. 1990) .
Our laboratory has been studying phosphorylation of vertebrate nonmuscle MHCs by protein kinase C and smooth muscle MHCs by casein kinase II. Below, we summarize some of our results, both in intact cells and in vitro, and discuss them in the context of the findings from other laboratories.
Protein kinase C
When human platelet myosin is incubated with protein kinase C, phosphate is covalently incorporated into the 20 x 103 MT MLC (see above) as well as into the 200 x 103 Mr MHC (Kawamoto et al. 1989) . Two-dimensional tryptic peptide maps of the 2 0 0 x l0 3Mr MHC, yielded a single phosphopeptide (Fig. 2) . When human platelets were incubated with phorbol ester, 0.7 moles of phosphate were incorporated into the 2 0 0 x l0 3Mr MHC and 1.2 moles of phosphate were incorporated into the 20x103 Mr MLC (Kawamoto et al. 1989) . Two-dimensional tryptic peptide mapping of the MHC revealed the same phosphopeptide that was found following in vitro phosphorylation of platelet myosin with protein kinase C (see Fig. 2 ). Further evidence that a unique site for protein kinase C is present on the 200 x 103 Mv MHC was obtained using RBL-2H3 (rat basophilic leukemia) cells. These cells contain receptors for IgE on their surface which aggregate following treatment with IgE and an antigen for the IgE. Sub sequently, histamine and serotonin are released. It has also been shown that receptor aggregation results in activation of protein kinase C and the stoichiometric phosphorylation of the 2 0 0 x l0 s Mr MHC at the same site that was phosphorylated by protein kinase C in vitro using human platelet myosin (Ludowyke et al. 1989) .
Recently, the tryptic hexapeptide containing the serine phosphorylated by protein kinase C from human platelets was purified from human platelet MHCs and sequenced (Conti et al. 1990) . A single serine residue, located ten amino acids amino-terminal to the proline that disrupts the coiled coil alpha-helix of the myosin rod, and approximately 50 residues from the carboxyl terminus of the molecule, was found to be the site phosphorylated by protein kinase C. The location of the phosphorylated serine was identified by comparing the amino acid sequence of the hexapeptide (-Glu-Val-Ser-Ser*-Leu-Lys-) with the known sequences for the vertebrate nonmuscle MHCs (Shohet et al. 1989; Saez et al. 1990 ).
This site for protein kinase C phosphorylation appears to be present in all vertebrate nonmuscle MHCs examined to date. Of note is its absence from all vertebrate smooth muscle MHCs, although the amino acid sequence on both sides of the phosphorylated serine is conserved. This striking difference between vertebrate smooth muscle and nonmuscle MHCs is one of the first to be reported and points to putative differences in the regulation of these two molecules.
The biological consequences of protein kinase C phos phorylation of the MHCs are unknown. One possibility is that activation of kinase C, an enzyme that is known to be present near or at the cell membrane, results in disassembly of the myosin filaments in the cell cortex. Evidence supporting this idea comes from the work of A. Spudich (Stanford University). She showed, by immuno fluorescence microscopy using antibodies to nonmuscle myosin, that the concentration of myosin in the cell cortex decreased dramatically following antigenic activation of RBL-2H3 cells (Spudich etal. 1990 ). One possibility is that protein kinase C phosphorylation of both the MHC and MLC is necessary for filament disassembly, so that the histamine and serotonin containing granules can reach the cell membrane for release. Whereas phosphorylation of the 2 0xl0'3Mr MLC by protein kinase C might act to inhibit filament formation, by rendering the MLC a poorer substrate for myosin light chain kinase (which favors filament formation), phosphorylation of the MHC by protein kinase C might act to dissociate the myosin filaments. Thus, MHC and MLC phosphorylation by protein kinase C would appear to complement each other.
Casein kinase 11
Unlike protein kinase C, which phosphorylates a serine residue in a consensus sequence present in the vertebrate (1990) showed that bovine brain MHC contains a serine residue, which can be phosphorylated by casein kinase II, within the sequence -Leu-Glu-Leu-Ser*-Asp-Asp-Asp-Asp-Glu-(see Fig. 5 ). They demonstrated
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Electrophoresis + ->- that this peptide was derived from the carboxyl-terminal region of the bovine brain MHC. Kelley and Adelstein (1990) demonstrated that the 2 0 4 x l0 3Mr MHC of bovine aortic smooth muscle cells could undergo phosphorylation both in vitro and in cultured aortic cells. When purified bovine aortic smooth muscle myosin, which consists of equal amounts of the two heavy chain isoforms, was incubated with casein kinase II, only the 2 0 4 x l0 3Mr MHC, and not the 200x103 Mr MHC, was phosphorylated. Two-dimensional tryptic phosphopeptide mapping of the 204x103 Mr MHC shows 1 major and 1 minor peptide (Fig. 3, panel 2) . When first passage cultures of bovine aortic cells were incubated with 32P-labeled orthophosphate and the MHC subsequently puri fied and subjected to tryptic peptide mapping, the same two phosphopeptides were detected (Fig. 3, panels 1 and  3) . These cultured cells only contain the 204x 103 Mr MHC. This suggests that casein kinase II is the enzyme responsible for phosphorylation of the 204 x 103 Mr smooth muscle MHC in cultured aortic cells.
Calcium/calmodulin-dependent protein kinase II cata lyzed phosphorylation of the smooth muscle MHC in vitro, but tryptic phosphopeptide mapping of the MHC revealed a different peptide map from that seen in intact cells. Phosphorylation of smooth muscle MHCs by protein kinase C, cAMP-dependent protein kinase and cGMPdependent protein kinase did not result in a significant amount of phosphate incorporation into the smooth muscle MHCs. Prior to incubation with protein kinase C, the smooth muscle MHCs were also subjected to dephosphoryl ation using a variety of phosphatases. However, there was no change in the low amount of phosphate incorporated by this enzyme (Kelley and Adelstein, 1990) . This was important because the stoichiometry of phosphate incor poration increased significantly in the case of casein kinase II, when the myosin was dephosphorylated prior to addition of the enzyme (from 0.2 to 0.6 moles of phosphate per mole of MHC).
Purification o f the tryptic phosphopeptides. Fig. 4 shows the elution profile of tryptic peptides derived from the 204x103 Mr smooth muscle MHC phosphorylated by Fig. 4 . Fe3+-affinity column chromatography of tryptic digests of myosin heavy chains phosphorylated by casein kinase II in vitro. Arrows represent the changes in pH for the column washes and elution buffer. Radioactivity was detected by Cerenkov counting of the fractions (circles). Peptides were detected by A230 (squares). This figure is from Kelley and Adelstein (1990) .
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MHC, Nagai et al. 1989 ). This region is absent in rabbit uterine MHC2 (2 0 0 x l0 3Mr MHC). Casein kinase II phosphorylated the serine marked with an asterisk in the bovine aortic sequence. The amino acid sequence and casein kinase II phosphorylation site of this tryptic peptide are also highly conserved in rat aortic MHCi and are absent from rat aortic MHC2 (Babij and Periasamy, 1989) . The casein kinase II phosphorylation site and surrounding consensus sequence required for phosphorylation (boxed bold letters) are also conserved among nonmuscle myosins. The human macrophage myosin sequence is from Saez et al. (1990) . The chicken epithelial myosin sequence is from Shohet et al. 1989 . The bovine brain myosin sequence is from Murakami et al. (1990) . This figure is from Kelley and Adelstein (1990) . 
casein kinase II. The column utilized was a Fe3+-im inodiacetic acid-Sepharose affinity column (1x5 cm, Phar macia) that could selectively bind phosphopeptides, which are eluted at pH 8.3 (see Fig. 4 ; Kelley and Adelstein, 1990) . Tryptic digests of the phosphorylated smooth muscle MHC were applied to the column and the doublet peak (which appears to be a single phosphopeptide) eluted at pH 8.3 was pooled and purified on reverse phase HPLC chromatography. The amino acid sequence derived from the purified phosphopeptide is shown in Fig. 5 , where it is compared to both vertebrate smooth muscle and nonmuscle isoforms. The box denotes the casein kinase II phosphorylation site and surrounding consensus sequence for phosphorylation. The figure shows that both the rabbit uterine and rat aortic 204x103Mr smooth muscle MHCs, but not the 2 0 0 x l0 3Mr MHCs, contain the casein kinase II phosphorylation site. Previous work has demonstrated that the rat aortic 204x103Mr MHC can be phosphorylated (Kawamoto and Adelstein, 1988) , although the site of phosphorylation was not identified. Two-dimensional mapping of the tryptic phos phopeptide resulted in a map similar to that shown in Fig. 3 . With respect to vertebrate nonmuscle MHCs, previous work has demonstrated that there are at least two major 2 0 0 x l0 3Mr isoforms, which we refer to as MHC-A and B. Human macrophage (Saez et al. 1990 ) and chicken intestinal epithelial cell (Shohet et al. 1989) MHCs are examples of the MHC-A isoform. Both, as shown in Fig. 5 , contain a serine residue that is followed by five acidic residues. We would, therefore, predict that this serine would be a substrate for casein kinase II. The bovine brain sequence is most likely an example of MHC-B, as suggested by Northern analysis of avian brain tissues (Katsuragawa etal. 1989; Kawamoto and Adelstein, 1990) . It also preserves the same consensus sequence and phosphorylatable site. One important exception can be found in the sequence of embryonic chicken gizzard smooth muscle myosin which contains the necessary consensus sequence, but has a glycine residue in place of the phosphorylatable serine (Yanagisawa et al. 1987) .
What is the effect of casein kinase II phosphorylation? To date, we cannot answer this question, but a number of studies are suggested by the above data. These include studies on in vitro filament formation, in vitro motility assays and possible effects on actin activated MgATPase activity. In addition, the effects of casein kinase II phosphorylation on MHC turnover should be considered. All of these experiments must also take into account a possible important contribution by the phosphorylation of the 20x10 Mr MLC. The recent cloning of cDNA for vertebrate smooth muscle (Yanagisawa et al. 1987; Nagai et al. 1989; Babij and Periasamy, 1989) and nonmuscle (Shohet et al. 1989; Saez et al. 1990 ) MHCs will also permit the application of techniques utilizing molecular genetics to studies on the role of vertebrate smooth muscle and nonmuscle MHC phosphorylation in cellular function.
